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Effects of Rain Attenuation on Satellite
EHF Communications in the United States

1. INTRODUCTION

Attenuation due to rain is the major environmental cause of outages to satellite communication
systems employing EHF (Extremely High Frequencies). Attenuation models have been developed to
calculate the impact of rain on these systems based on rain rate distributions (for example, Crane!l).
One-minute rain rates are recognized as most practical for these path attenuation calculations, but
data on 1-min rates are scarce. This has prompted the development of models for estimating 1-min
rain-rate distributions (Tattelman and Scharr2, Tattelman and Granthams3).

Attenuation of EHF signals can be significant at relatively low rain rates that occur with varying
probabilities just about anywhere in the world. Therefore, more precise rain-rate data are required
for locations representing many climatic rainfall regimes. With this in mind, Tattelman and Knight4
describe a method for extracting and digitizing 1-min rain rates from original analog rain gage
recordings. The method employs modern digitizing and filtering techniques to obtain the 1-min data

(Received for publication 3 January 1989)

1. Crane, RK. (1980) Prediction of attenuation by rain, IEEE Trans. Comm. COM-28 (No. 9):
1717-1733.

2. Tattelman, P. and Scharr, K.G. (1983) A model for estimating one-minute rainfall rates, J. Clim.
and Appl. Meteor. 22 (No. 9):1575-1580.

3. Tattelman, P. and Grantham, D.D. (1985) A review of models for estimating 1-min rainfall rates
for microwave attenuation calculations, IEEE Trans. Comm. COM-33 (No. 4):361-372.

4. Tattelman, P. and Knight, RW. (1988) Analyses of 1-min rain rates extracted from weighing rain
gage recordings, J. Appl. Meteorol. 27 (No. 8):928-938.




that are crdinarily unreadable by eye. This method was used to extract the rain data analyzed in this
report. Statistics on rainfall rates and outages are presented in the form of probabilities and
frequencies-of-occurrence. Preliminary analyses were provided by Tattelman et al.®

2. DATA

Weighing rain gage recordings for approximately 300 U.S. weather stations are archived on
microfiche at the National Climatic Data Center (NCDC), Asheville, North Carolina. Ten years of
1-min rain-rate data for 42 locations chosen to represent a variety of climatic rainfall regimes were
analyzed for this report (rain rates for solid precipitation represent melted values). The locations, the
percent of time it rained at each, and the percent of the rain data that was missing over the 10 years is
provided in Table 1 (note: only 6 1/2 years of data were available at San Sebastian, PR). Missing data
represent periods of rain when chart records were unavailable for digitizing. However, hourly totals
were available, so it was possible to estimate the percent of total rain data that was missing at each
location. This information was used to adjust the rain-rate analyses by using the correction factor

Teu

Correction Factor =
Ten - Ty

where T¢yy is the total number of clock hours of rain and Ty, is the number of clock hours of rain that
was missing {that is, not available for digitization). This correction factor is based on the premise
that 1-min rain rates during the missing clock hours are distributed the same as the available 1-min
data. This is reasonable since missing hours a. e associated with equipment problems and are not
correlated with rain-rate intensity.

The data at all locations except Urbana were obtained from rain gage recordings stored in NCDC,
and are for the period 1 January 1970 to 31 December 1979 (except San Sebastian). The data for
Urbana were obtained from the Illinois State Water Survey, Champaign, Illinois as part of a USAF
contract ([Jones and Wendland®). The Urbana data cover a period of 10.25 years from 1 June 1969 to
31 August 1979. They were obtained using a high-speed weighing rain gage recorder described in the
reference. The data for San Sebastian cover a total of 6 1/2 years from two time periods. 1 February
1973 to 30 September 1973 and 1 February 1974 to 30 November 1979.

3. ANALYSES OF ONE-MINUTE RATES

The analyses of 1-min rates presented here are intended primarily to assess the impact of rain
on EHF satellite communications. Most previous studies of short-duration rain rates for use in
attenuation models provide data in the form of annual rain-rate frequencies-of-occurrence

5. Tattelman, P., Knight, RW. and Scharr, K.G. (1987) Estimates of Satellite Communication
Outages Due to Attenuation by Rain, AFGL-TR-87-0081, ADA183969.

6. Jones, D.M.A. and Wendland, W.M. (1984) Some statistics of instantaneous precipitation,
J. Clim. and Appl Meteorol. 23:1273-1285.




(Tattelman and Grantham?3). However, annual statistics can be very misleading because occurrences
of rain rates higher than critical rates (rain rates thai would cause an outage) are concentrated in only
a few months of the year at most locations. A low annual frequency-of-occurrence of rain outages can
be intolerably high in these months. Although annual rain-rate frequencies-of-occurrence are
presented for each location studied, monthly or seasonal rain-rate statistics are preferable for
assessing the impac* of attenuation caused by rain.

3.1 Rain-Rate Duration Frequencies-of-Occurrence

The annual average number of occurrences versus rain rate for six duration times are provided
for each location in Figure 1. Rain rates are equalled or exceeded during each minute of the specified
duration. Actual annual average occurrences are plotted for every 0.05 mm/min rate up to 1.00
mm/min and for every 0.10 mm/min thereafter. Values ploited for an occurrence of 1072 represent the
highest rate that was equalled or exceeded for the specified duration.

Monthly average number of occurrences vs. rain rate for six different duration times are
provided for the worst (most extreme) month at each location in Figure 2. Values are plotted in the
same manner as Figure 1. The worst month at each location was chosen from all the monthly plots to
generally represent the highest number of occurrences of rain rates for all durations. Occurrences for
some rates and durations may be higher in other months, but showing all these would add to an
already large number of plots. (In Section 3.2, data on rain-rate probabilities are provided for up to 3
most-extreme months). Figure 3 shows average occurrences of 1-min rates for mid-season months to
provide an appreciation of seasonal variations.

3.2 Rain-Rate Duration Probabilities

For many design considerations it is more practical to express the likelihood of events in terms
of their probability. The Poisson distribution is an appropriate tool for quantifying random events,
such as rainfall occurrences, if the events in any time interval are statistically independent of events
in another time interval. In this case, rain events of 5-, 10-, 15-, 20-, and 30-min durations have been
chosen and the time interval is a specified month of the year (for example Juiy). Since these rain
events are independent from year-to-year, the probability, P, of y rain events in a month can be
calculated using the Poisson equation

et Ay

Ply) = m

(1)

where A is the mean number of events per month. Therefore, the probability of at least y occurrences
of an event is

y-1
Plat leasty)=1- Y P(z). (2)
z

_-_O
One-min rainfall rate vs. duration and the probability of at least one occurrence during the worst
months (up to 3) are provided in Table 2, and for all months at Boston and New Orleans in Table 3
(these 2 locations were chosen for more detailed analysis of monthly variations of rain rates and




outages). Rates corresponding to the probability of at least three occurrences during the worst months
are provided for all locations in Table 4, and for all months at Boston and New Orleans in Table 5. The
worst months were chosen to represent the highest rain rates for each probability and duration. The
0.1 and 0.9 probabilities in the tables can be used to evaluate the variability of rain rates over the
10-vear period. Flgure 4 shows an analysls of rain rates for a 5-min duration with a 0.1 probatdlity of
at least 3 occurrences during the worst month. An examination of Tables 2 and 4 reveals some
interesting. but not surprising. geographical rainfall characteristics. At the 0.1 probability level in
Table 2, the highest rain rates occur at continental locations where relatively infrequent, but very
intense thunderstorms occur. For example, Newark and Chicago have the highest rates for the 5-min
duration {probability of at least one occurrence). For longer duration events, Asheville, Topeka and
Oklahoma City have some of the highest rain rates. In general. as we go to higher probability events in
Table 2, the highest rates shift to the more tropical or semi-tropical locations, such as San Sebastian,
New Orleans, Miami, and Tallahassee. This is also true as we shift upward to the longer duration
events. In Table 4, which provides rates corresponding to a probability of at least 3 occurrences,
highest intensities for all event probabilities are at San Sebastian and locations in the southeastern
U.S. (for example. see Figure 4)

Tables 3 and 5 indicate that the highest rates at Boston and New Orleans occur during the
summer months when convective activity is most intense. Varlation between warm and cold season
months is much greater at Boston than New Orleans. It is interesting to note, however, that as we go to
higher rain event probabilities and increasing event durations at Boston, the monthly variations
decrease. The monthly variations become quite small for an event duration of 20 min, event
probability 0.9, and at an event duration of 30 min, event probability 0.9, the rates are slightly higher
during the winter months than the summer months. This is due to the more prolonged nature of
winter rain events.

Table 6 presents the longest duration at or above specified threshold rain rates and the month of
the year that it occurred (San Sebastian is not included). Since these are the most extreme occurrences
in 10 years (10.25 years at Urbana) the probability that they would occur in that month in any one
year is approximately 0.1.

4. OUTAGE ESTIMATES

Ordinarily, attenuation models are used to determine path attenuation given the point rain rate.
For this exercise, we reversed the order of calculation by determining critical rain rates that would
cause an outage for a specified total path attenuation of 15 dB at 15, 30, and 45 GHz. The USAF
Environmental Technical Applications Center (USAFETAC), Systems Support Section, provided
critical rain rates based on the model developed by Crane.! Path length through the rain was
determined using long-term average monthly freezing levels derived by USAFETAC. Attenuation due
to ice and sniow above the freezing level is minimal.

Table 7 specifies the critical rain rates during the worst months for the indicated path elevation
angles at each location. The propagation path length through the rain was determined using mean
monthly freezing levels above the ground (provided in the table). Rain intensities are generally
highest during the summer n..nths when freezing levels are also at their highest: thus, the number of




outages is greatest during these months. The highest critical rain rates are at locations with the lowest
freezing levels above the ground (other factors being equal). Freezing levels generally decrease with
increasing latitude and station elevation.

Tables 8. 9 and 10 provide critical rates causing an outage during all months at Boston and New
Orleans (based on frequencies of 15, 30 and 45 GHz) for fade margins of 15 dB, 20 dB, and 25 dB,
respectively. These sites were chosen for more detailed study of monthly variability of rain-rate
intensity and outages. New Orleans has one of the heaviest rainfall regimes of all the locations
studied, and rain intensities are quite high during all the mid-season months (see Figure 3). Boston
has large seasonal variations in rainfall intensities (Figure 3) despite the fact that monthly average
rainfall varies very little during the year. An examination of Tables 8 through 10 shows much higher
critical rain rates during the winter months at Boston due to the lower freezing levels. At New Orleans,
freezing levels remain relatively high during the winter months, so the variation in critical rates is
not nearly as great as at Boston. These climatic factors have some very interesting impacts on outages
that will be discussed later.

4.1 Outage Occurrences

The mean percent of time in the worst months with system outages due to rain is provided in
Table 11. The mean percent of time with system outages due to rain for all months at Boston and New
Orleans is provided in Tables 12 and 13, respectively. Values were estimated using the rain-rate data at
each location and the critical rain rates in Tables 7 through 10.

An examination of Table 11 indicates that outages due to rain at 15 GHz occur most frequently at
San Sebastian and locations along coastal areas of the southeastern U.S., such as New Orleans,
Tallahassee, Miami, and Charleston. It takes a fairly high rain rate to cause an outage at 15 GHz, so
attenuation outages are most common where very heavy convective rains are most frequent. At 30
GHz, critical rain rates are much lower and attenuation outages are much more frequent. At a 10°
elevation angle, outages are most frequent at locations with the most moderate to heavy convective
rain; thus, the percentage of the time it rains becomes an increasingly important factor. At higher
elevation angles, outages are again most prevalent at locations with the heaviest convective rain. At
45 GHz outages are most frequent where the percentage of time that it rains is greatest, but as we move
to higher elevation angles the intensity of the rainfall regime becomes increasingly important. A
good example is the data for Seattle. At 45 GHz and an elevation angle of 10°, only a few locations
exceed the mean percent of time with attenuation outages of 4.71 percent. At an elevation angle of 70°,
the outage time falls to 0.02 percent, one of the lowest.

It is important to reiterate that the worst months are defined as those with the highest observed
rain-rates, not the months with the most frequent attenuation outages. This difference leads to some
interesting and informative results in Table 11. The month with the heaviest rain-rate regime may
not produce the most attenuation outage time due to the importance of the freezing level and. hence,
the length of the propagation path. A good example is the data for Tallahassee. In Table 2, the 0.1
probability rain rates in November equal or exceed those in August. However, in Table 11 all the
outage times are much greater in August due primarily to the higher freezing level in that month. At
all locations, at least one of the worst months represents the month with the most frequent outages.




Table 12 shows that outages due to rain at Boston occur predominantly during the summer or
early fall. Most mid-latitude locations can expect outages to be similarly confined to about 3 to 5
months of the year. At New Orleans, Table 13 shows that, although outages are most frequent from
late spring to early fall, relative differences between winter and summer months are much smaller
than Boston. At 45 GHz for a 10° elevation angle, critical rates are so low that the rainiest month of
the year (January) has the highest percent of time with attenuation outages.

4.2 Outage Durations

An examination of Tables 11 through 13 reveals that outages due to rain are relatively
infrequent on a percentage of time basis. At 45 GHz, availabilities are at least 94.3 percent at all
locations studied. This increases to 96.3 percent at 30 GHz and 99.5 percent at 15 GHz. To put the true
impact of rain attenuation into perspective, it should be noted that each minute of rain is not
randomly distributed in a month. When it is raining hard enough to cause an outage, it is likely to
persist for a period of time. The duration of precipitation events causing outages deserves special
attention for EHF satellite communications.

Tables 14, 15, and 16 provide the mean number of system outages due to rain with durations of at
least 5. 10, 20 and 30 min in the worst months at all locations for frequencies of 15, 30, and 45 GHz,
respectively (based on a fade margin of 15 dB). Tables 17, 18 and 19 provide outage estimates for all
months at Boston for frequencies of 15, 30, and 45 GHz. respectively (based on fade margins of 15, 20,
and 25 dB). Tables 20, 21 and 22 provide outage estimates for New Orleans. As noted earlier, worst
months reflect the highest rainfall rates. However, at least one of the worst months at each location
generally represents the month with the most frequent outages.

An examination of Tables 14, 15, and 16 reveals the large number of attenuation outages for
extended periods that can be expected at most locations. The number of outages increases markedly
with increasing radio frequency and decreasing elevation angle. Tables 17, 18, and 19 show the
seasonal nature of outages at Boston, with a peak in August. Although outages are minimal at 15 GHz
(Table 17), they are very substantial, especially at a 10° elevation angle, at 30 and 45 GHz (Tables 18
and 19). Tables 21, and 22 show the extensive quantity of outages throughout the year at New Orleans,
even at a 25 dB fade margin. At 15 GHz, the number of outages at New Orleans is considerably less
{Table 20).

4.3 Outage Probabilities

Tables 23, 24, and 25 provide probabilities of at least 3 system outage events of 10-, 20-, and
30-min duration during the worst months for radio frequencies of 15, 30, and 45 GHz. At 15 GHz, the
probability of a 30-min outage is minimal at all locations, but increases rapidly with decreasing
outage duration and decreasing elevation angle (Table 23). At 30 and 45 GHz, the probability of 3
outages is quite high at all but the driest locations (Table 24 and 25). The profound influence of the
elevation angle on the probability of an outage is most evident at 15 and 30 GHz. At 45 GHz, most
locations retain a high probability of 3 outages even at a 70° elevation angle.

The probability of at least 3 attenuation outages for all months at Boston is provided in Tables
26, 27, and 28. QOutages are minimal at 15 GHz (Table 26). At 30 GHz, the clustering of higher




probabilities during the summer months is readily apparent {Table 27). At 45 GHz there is a
substantial spreading ol high probabilities i11to the winter months at an elevation angle of 10°.

The probability of at least 3 attenuation outages for all months at New Orleans is provided in
Tables 29, 30, and 31. At 15 GHz (Table 29). highest probabilities are centered in August and decrease
rapidly with increasing elevation and increasing event duration. At 30 GHz (Table 30) probabilities
remain quite high at all elevation angles for a 10-min event duration and gradually decrease with
increasing event duration and elevation angle. At 45 GHz (Table 31), probabilities are high at all event
durations, fade margins and elevation angles, especially during the summer months.

5. CONCLUSIONS

Analyses of 1-min rain data are presented for 42 U.S. locations. These are used to estimate
outage occurrences, durations, and probabilities based on critical rain rates that cause an outage. The
critical rain rates used in this study were determined using an attenuation model developed by Crane.!
Outage estimates were determined for the worst month at all locations, and for all months at Boston
and New Orleans. Results are provided for propagation path elevation angles of 10°, 30°, 50°, and 70°
and radio frequencies of 15, 30, and 45 GHz (based on a fade margin of 15 db at all locations, and fade
margins of 15, 20, and 25 dB at Boston and New Orleans).

This study shows the profound influence of propagation path elevation angle on the quantity
and duration of outages. Low elevation angles greatly increase the path length through the rain with
outages resulting at rain (or drizzle) rates as low as 0.001 mm/min (at 45 GHz) at some locations. Total
path attenuation is also greatly influenced by the height of the freezing level, above which the
attenuation from ice and snow is negligible. Rain rates and freezing levels are generally much lower
during the winter months, thereby minimizing the likelihood of an outage. Design of satellite EHF
communications should be based on conditions during the month of the year when the probability
and duration of outages is greatest. This is usually a summer month when rain rates and freezing
levels are usually highest. Annual statistics that include the very low outage-probability winter
months conceal the real impact of rain attenuation on operations,

The data presented in this study and the conclusions above can be used to develop a general
strategy for minimizing the impact of attenuation due to rain. Since rain attenuation is minimal at
most middle and northern latitude locations during the coldest half of the year, a satellite should be
positioned to keep propagation path elevation angles highest in the subtropics and tropics.

During the summer months when attenuation due to rain at mid and high latitudes is generally
greatest, a switch to lower frequencies and/or higher power levels may be needed to increase system
availability. Rain outages during the summer months are least likely at dry locations in the western
U.S.. high altitude locations where freezing levels are lowest (generally in or around the Rocky
Mountain states), or along the Pacific coast. Therefore, a satellite should be positioned to keep
propagation paths highest in the eastern U. S.

The new rain-rate data analyzed for this report enabled a more detailed assessment of the
probabilities and durations of satellite EHF communication outages due to attenuation by rain than
has previously been available. Although only 42 locations were studied, they represent a variety of
climatic regimes. The results at one location may provide a reasonable indication of rain-event




characteristics at another location with similar climatic rainfall regimes. Further study of rainfall
attenuation is planned at AFGL to determine spatial correlations and ultimately an empirical model
that can be used to estimate outages at most locations in the world.
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Table 14. Estimated mean number or system outages due to rain in the worst months
for the indicated durations {based on a frequency of 15 GHz and a fade margin of 15dB).

NUMBER OF OUTAGES

20-min Duration 30-min Duration

10-min Duration

S-min Duration

Elevation Angle Elevation Angle Elevation Angle
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Table 14. Estimated mean number or system outages due to rain in the worst months
for the indicated durations (based on a frequency of 15 GHz and a fade margin of 15dB). (Cont.)

NUMBER OF OUTAGES

l0-min Duration 20-min Duration 10-min Duration

5-min Duration

Elevation Angle Elevation Angle Elevation Angle

Elevation Angle
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Table 17. Estimated mean number of system outages due to rain for all months at
Boston, MA for the indicated durations and fade margins (based on a frequency of 15 GHz).
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Table 18. Estimated mean number of system outages due to rain for all months at
Boston, MA for the indicated durations and fade margins (based on a frequency of 30 GHz).

NUMBER OF OUTAGES

20-min Duration 30-min Duration

10-min Duration

5-min Duration

Elevation Angle Elevation Angle Elevation Angle

Elevation Angle

(in degrees) (in degrees) ({in degrees)

{in degrees)
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T e
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Table 19. Estimated mean number of system outages due to rain for all months at
Boston, MA for the indicated durations and fade margins (based on a frequency of 45 GHz).
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Table 20. Estimated mean number of system outages due to rain for all months at New
Orleans for the indicated durations and fade margins (based on a frequency of 15 GHz).
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration.
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six

Duration Times. Rain rates are those equalled or exceeded during each minute

of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during ¢ach minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)




ANNUAL AVE BCCURRENCES

5
10 Erﬁffﬁﬁ
» HUNTSVILLE, AL 10 YEARS
4 \ANNUAL PLOT - SIX DURATION TIMES |
10 :
E
DURATION ;
3 - 1 MIN
10 ® - SMN |
A - 10 MIN |
2 + =~ 15 MIN
10 x - 20 MIN F
30 MIN
1
10
0
10
-1
10
-2
0 IS U S U N

.00 .25 .50 .7% 1.00 1.25 1.50 1.75 2.00 2.25 2.50
RATE (MM MIN ~!)

Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
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Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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of the specified duration. (Cont.)

78

T YT

T




ANNUAL AVE BCCURRENCES

‘,O E v T S T MSEREND S Sun S S s SR S e S e o -r T ) A T v—vﬁﬁ—rﬁ‘ﬁf
4

PHILADELPHIA, PA 10 YEARS
VANNUAL PLOT - SIX DURATION TIMES

T~
LERSE s e o |

DURATION

- 1 MIN
- S MIN
- 10 MIN
15 MIN
- 20 MIN
30 MIN

Ty

R e a

X + b & B8

*
]

Lo g s miemn Sl ok oh SA AR A B

10 AL AN S S S S LI S S A I S B E S A s EEL S S S A S A iy S S T

.00 .25 .50 .75 1.00 1.25 1.50 1.75 2.00 2.25 2.0

1

RATE (MM MIN ")
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Figure 1. Annual Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration.
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Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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121




MUNTHLY AVE BCCURRENCES

5
10 E*'* T T M T ML A v LI T M T
PHOENIX, AZ 10 MONTHS {
% | JuLY  PLOT - SIX DURATION TIMES I
10 5 E
:
L
3
10 DURATION -
i m - 1 MIN |
‘ ® - S5 MN |
2 A - 10 MIN |
+ - 15 MIN 3
10 x -~ 20 MIN ¢
* - 30 MlN +
1 .
10
0
10
0 i
10 3
-2
10 ]

.00 .25 .50 .75 1,00 1.25 1.50 1.75 2.00 2.25 2.%50
RATE (MM MIN ~1)

Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. {Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
of the specified duration. (Cont.)
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Figure 2. Monthly Average Number of Occurrences of 1-min Rain Rates for Six
Duration Times. Rain rates are those equalled or exceeded during each minute
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration.
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equal'ed or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. {Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specifled duration. {Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Montkly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

tiie specified duration. (Cont.)
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Figure 3. Monthlv Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)

159

Trrr

2.00 225 2.50




MONTHLY AVE OCCURRENCES

5
10 E'*"1*'*_TT'*‘*I*'7'l""I T L SR B B o
' NYC (KENNEDY), NY .
4 PLOT FOR 1 MIN DURATION i
10 3
‘t [
- JAN 10 MONTHS T
3 ® - APR 10 MONTHS i
10 A - JUL 10 MONTHS -
+ - OCT 10 MONTHS E
L

2
10 3
[

1
10 3

0
10 3
;
_1 I
10 Y———— e B A B o e e o e

.00 .25 .50 .75 1,00

1.25

1.50 1.75

RATE (MM MIN ")

2.00 2.25 2.50

Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. {Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. {Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of

the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
Season Months. Rain rates are those equalled or exceeded during each minute of
the specified duration. (Cont.)
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Figure 3. Monthly Average Number of Occurrences of 1-min Rain Rates for Mid-
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